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SUMMARY 

This Master Thesis Work aimed to investigate snow distribution in a mountainous region in 
Sweden. The analyses focused on understanding the processes causing the distribution. It re
sulted in a suggested approach for a distributed snow model. 

Snow cover was taken from remote sensing data and its distribution was analysed by means of 
a GIS (Geographical Information System). Snow Covered Area (SCA) was found to increase 
almost linearly with altitude. The increase above the timber line was found to be more gentle 
than below due to the redistribution of snow by wind. At some specific altitudes with certain 
topographic characteristics deviations from the increasing pattem were found. Those devia
tions could be explained by the effect of slope angles and slope aspects. Both slope angle and 
slope aspect affects the conditions for wind and solar radiation, which in tum affect the snow 
distribution. Snow is redistributed by wind from regions with high wind speed to regions with 
lower wind speed, i.e. from windward sides to leeward sides. Solar radiation causes snow to 
melt faster in slopes facing the sun. 

An approach for a distributed snow model was suggested based upon the results from the 
analyses of snow distribution. The model is of a degree-day type and distributed in a grid
mesh. For each grid-cell correction is made for both accumulation and ablation with respect to 
altitude, slope aspect and slope angle. 
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1 INTRODUCTION 

1.1 BACKGROUND 

The spatial distribution of snow is of importance in several hydrological and clima
tological processes. Today, one of the main climatological issues is the fundamental 
question if there is a climate change ongoing and if so, what the effects are? Several 
projects aim to model the climate and different climate scenarios for the future. For 
these simulations the snowcover is of major importance because of its high albedo and 
thus its high ability to reflect incoming solar radiation. A model that considers the spa
tial distribution of snow would be very useful when trying to simulate different climate 
change scenarios (Cline et al. 1998). Furthermore, a spatially distributed model would 
enable the use of spatially distributed input data, e.g. from satellite images. Runoff fore
casts would be improved if models were updated in real-time, from e.g. satellite images 
(Kirschbaum 1998). Improving the forecasts is a major issue for e.g. the hydro-power 
companies for security and economical reasons. 

Also within other sciences, a spatially distributed snowmelt model would be useful. 
Better spatial estimate of snowmelt would be helpful for forest harvesting, since the sur
face runoff may cause loss of nutrients (Ohta 1994). Furthermore, the distribution of 
snow in arctic tundra regions is of high importance for the survival of different plant 
and animal communities (Liston & Sturm 1998). 

High-resolution satellite imagery is a useful tool for studying the snow distribution over 
large areas. According to Elder et al. (1991) a digital elevation model combined with a 
GIS (Geographical Information System) is an ideal tool for obtaining spatial topo
graphic information about an area. Furthermore, remote sensing data and GIS are, 
according to Baumgartner & Apfl (1997), fundamental parts of several hydrological 
applications and they should more often be used by hydrologists. Especially information 
about snowcover has been obtained by various remote sensing techniques, see for 
instance Brandt & Bergström (1984), Sand & Bruland (1998), Rango & Martinec 
(1997) and Kuittinen (1989). In particular the satellite images have been widely used for 
obtaining information about snow distribution (Rango 1993). Furthermore, Cline et al. 
(1998) have concluded that remote sensing in combination with modelling could be 
used for water supply forecasting. 

1.2 OBJECTIVES 
This Mater Thesis Work is a pilot-study for a coming project at SMHI (Swedish Mete
orological and Hydrological Institute) involving the construction of snow maps by com
bining remote sensing data and modelling. Therefore, the overall objective of this work 
is to provide information about snow distribution in mountainous areas, and the specific 
objectives are: 
1. From remote sensing data investigate spatial distribution of snow in a mountainous 

region in Sweden and find the most important factors that affect the distribution 
2. Propose a modelling approach that considers the spatial distribution of snow, with 

data demands that can be met in most Scandinavian catchments 

1 
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2 THEORY 

2.1 F ACTORS AFFECTING SPATIAL SNOW DISTRIBUTION 
The spatial distribution of snow is affected by several processes goveming snow accu
mulation and ablation. To describe all factors affecting all processes at any place and 
any time is insurmountable even for small areas. Therefore, it is desirable to find the 
most important factors and a relevant scale on which these have unique values. Having 
done that, it would be possible to observe a specific area and from its characteristics 
give an estimate of the snowcover. 

Blöschl et al. (1991a) and Elder et al. (1991) point out that the physical properties of the 
snow pack, e.g. water equivalent, depth, density and temperature, have temporal and 
spatial variations. These properties depend, among other things, on altitude, slope angle 
(shortly referred toas slope), slope aspect (shortly aspect) and solar radiance. Hence, the 
snow distribution of a specific area can be explained by its topography and by radiation. 
Observations indicate that some parameters are more important than others, and it might 
thus be possible to describe spatial snow distribution based on some generalisations 
conceming topography and solar radiation. 

According to Male & Granger (1981) the energy fluxes caused by radiation and turbu
lence over a snow surface can not directly be linked to the altitude, although to other 
factors such as topography. An interpretation of this is that elevation above ocean itself 
does not govem energy fluxes but instead the topography, which includes information 
about slopes and surrounding terrain. 

From the reasoning above, accumulation and ablation processes seem to be highly 
affected by topography. Therefore it is reasonable to use topographic information for 
describing spatial snow distribution. How the topographic factors affect the distribution 
of snow is presented below. 

2.1.1 Precipitation 
Precipitation normally increases with altitude, resulting in more snow at high elevations. 
In general, there is more precipitation over a slope that is facing the wind, i.e. the slope 
aspect is the same as the wind direction. The secondary effect of more precipitation over 
a slope facing the wind is that the gradient of increasing precipitation with altitude is 
mostly higher on the windward side of a mountain than on the leeward side (Barry 
1981). For some areas there is also a difference in precipitation with geographical 
position due to orographic effects. If for example an area of quite similar topography 
has winds carrying humid air mainly from the west, the precipitation tends to decrease 
towards east in the area. 

2.1.2 Wind 
According to Barry (1981), the wind speed, especially when measuring in air masses 
quite undisturbed from topography, increases with height above ocean. The higher air 
masses are relatively undisturbed from ground but to a huge extent affected by global 
air circulation. This means that for single high mountain peaks, which are isolated from 
other topographic obstacles, the wind speed most often increases considerably with 
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altitude. Apart from altitude, Barry (1981) points out that the wind is further affected by 
the topography - mainly by two different processes: (1) compression of air mass which 
causes increased wind speed to maintain the mass and energy balance, (2) friction be
tween air and ground which causes decreased wind speed due to the energy loss. These 
two processes often counteract and depending on the situation the result differs, the 
wind speed may increase, decrease or stay unchanged. In practice, the topographic 
effects on wind usually cause wind speed to be higher on the windward sides of a 
mountain than on the leeward side. This is a consequence of the compression of air on 
the windward side and a sudden expansion of the compressed air on the leeward side. 
The sudden expansion that comes up after the air passes the mountain top also causes, 
except for lower wind speed, turbulence and circular motions of air. Topography also 
gives rise to other wind phenomena such as fall winds caused by cool air fälling down 
from high altitudes replacing the relatively warmer air masses at lower altitudes, thereby 
causing winds directed downwards along mountain sides. Thus, according to Barry 
(1981) wind speed is affected by both altitude and topography and the greatest varia
tions in wind speed is caused by topography, in some cases to such extent that wind 
speed near ground may be even higher than up in the free air mass. 

Male (1980) and Barry (1981) both presentshow snow is transported by wind, a phe
nomena normally referred to as snowdrift. The zones where the drifting snow accumu
lates are often named snowdrifts. The ability of wind to transport snow is in many ways 
similar to how water transports particles in a river or creek. The transport is an effect of 
the shear stress from the moving media acting on the media to be transported. Snowdrift 
is divided into two transport mechanisms by Male (1980), namely saltation and suspen
sion. Barry (1981) includes a third mechanism into the concept of snowdrift; creep. The 
three transport mechanisms can be defined as follows: 
I. creep, snow particles are rolling along the surface without loosing contact with it 
2. saltation, when the shear stress from wind acting on the surface is higher than a 

certain threshold value, snow particles are lifted up in air (up to ~1 metre) and is 
carried by the wind some distance before it retums to the surface 

3. suspension, the snow particles are kept in suspension in the air mass when the verti
cal velocity in the turbulent eddies of wind is higher than the fall velocity of the 
particles 

The efficiency of the three transport mechanisms is depending on the physical proper
ties of the snow as e.g. particle size and density of particles. Even though it is hard to 
quantify snowdrift, some general estimates can be made. Creep is assumed to be the 
least important mechanism in snowdrift and is valid for only 10 % of the drift caused by 
saltation. The lower wind speed limit when saltation can occur is from 1.9 to 10.5 m/s 
(at 10 m above surface). Suspension is the dominating mechanism in snowdrift and it 
normally starts when wind speed (at 10 m above surface) is 4 to 12 m/s. When wind 
speed reaches 15 m/s or more, suspension is the only dominant mechanism. Male 
(1980) gives a few values of calculated and measured snowdrifts. When wind speed is 5 
m/s, at 1 m above surface, the drift rate is 0.3 - 1.0 g/ms ( over a unit width perpendicu
lar to the wind) and if the wind speed is 10 m/s, at 1 m above ground, the drift rate is 
~10 g/ms. This means that fora 2 km wide valley, when wind is blowing along the val
ley with a speed of 10 m/s, at 1 m above surface, ~72 tonnes of snow is leaving the val
ley every hour. Obviously, snowdrift may cause substantial redistribution of snow. As 
mentioned, it is difficult to estimate the amount of redistributed snow. Nevertheless, 
Föhn & Meister (1983) have found that the accumulation on a leeward side is about 
twice that of a windward side, together the two sides gets as much as a flat surface. 
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7 
Bergström & Brandt (1984) have found from gamma-ray spectrometry that the snow 
water equivalent is about 200-300 mm on a windward side while a leeward side obtains 
480-600 mm on the same altitude. The spots getting an increased accumulation from 
redistribution of snow are, according to Rawls & Jackson (1979), best identified 
through their slopes and aspects. They found from measurements that the average slope 
for surfaces with accumulation of snow from redistribution is 18.5°. 

Barry (1981) remarks that the effect of wind on snow is also related to exchanges of 
sensible and latent energy. Higher wind speed often gives higher turbulence and there
fore makes large energy exchanges possible, which causes either an increased cooling, 
warming or melting of the snow pack. According to Barry (1981), the increased energy 
exchange, in particular when snowdrift occurs, also makes the process of sublimation 
more favourable. When particles are held in the air they are in an ideal environment for 
sublimation, since (1) the whole snow particle is in direct contact with surrounding air 
which most often has lower water vapour pressure than the snow pack and (2) the high 
wind speed makes large latent energy exchanges possible. In fäet, as much as 40 % of 
the suspended snow mass may sublimate (Jaedicke et al. 2000). From simulations of 
snowdrift in Alaska, Liston & Sturm (1998) have found that 9-22 % of winter precipita
tion can retum to atmosphere by sublimation, for wind-exposed surfaces the retum to 
atmosphere may be as much as 50 %. 

2.1.3 Temperature 
Barry (1981) gives a presentation of temperature situations in mountainous regions. The 
general condition is that temperature is decreasing with altitude, rnainly due to the dry 
adiabatic ternperature decrease. Because of the lower temperature, more precipitation in 
the form of snow and less melting are to be expected at higher altitudes. 

2.1.4 Solar radiation 
Several authors have described how to calculate the incoming solar radiation on a sur
face. The following is based on what is presented by Male & Gran ger (1981) and Duba
yah (1992). The solar radiation that reaches a surface can be divided into three compo
nents: (1) direct radiation, (2) diffuse radiation and (3) reflected radiation. The direct 
radiation is solar radiation that comes directly from sun. Diffuse radiation is solar radia
tion that has been reflected and/or scattered from sky. Reflected radiation is the solar 
radiation that is reflected from surrounding terrain. The amount of solar radiation 
reaching a surface depends on several factors. Among the most important are the angle 
between surface and sun, sky conditions, length of atmosphere that solar radiation 
passes on its way to surface and terrain surrounding the surface of interest. 

Expressions for evaluation of direct solar radiation, mostly based on principles by 
Gamier & Ohrnura (1968), have been presented by several authors. Several authors, 
there arnong Dozier (1980), Josefsson (1985), Dubayah (1992), Ohta (1994), Dubayah 
& Rich (1995) and Hock (1999), have suggested improvements and sirnplifications to 
these theories. A simple cornplete expression for calculating direct solar radiation 
reaching a surface is presented by equation (1) from Dubayah (1992) with complemen
tary equation (2) from Hock (1999). 

(1) 
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cos0 = cos00 · cos S + sin00 · sinS · cos(D-a) (2) 

where 
hr = direct solar radiation reaching the surface (Wm-2) 

10 = solar constant ( exoatmospheric solar irradiance) = 1368 wm-2 (Loden et 
al. 1971) 

0 = angle between normal to the surface and sun beam 
'ro = atmospheric optical depth (m) 
00 = solar zenith angle = rc/2 - solar elevation 
S = slope angle 
D = sun azimuth ( compass direction to sun) 
a = slope aspect 

From equations (1) and (2) follow that to maximise the direct solar radiation, the sun
beam should be normal to the surface and be as high above the horizon as possible. 

Calculation of the diffuse solar radiation that reaches a surface can be done according to 
equation (3) from Dubayah (1992) with complementary equation (4) from Male & 
Granger (1981 ). An alternative to equation ( 4), which does not consider the shading ef
fect by surrounding terrain but only the slope of the surface, is given by Josefsson 
(1985) in equation (5). 

Idif = (1- vsfy )· IdifO (-ro) 

V,1g,,J = cos 2 H 

V,1g,,2 = o.5 • (1 + cos s) 

where 

h1 = diffuse solar radiation reaching the surface (Wm-2) 

Vsky = sky view factor, relative part of sky not seen from surface 

(3) 

(4) 

(5) 

hJD(-ro) = diffuse solar radiation reaching a horizontal surface when optical depth is 

'to 

H = average horizon angle 

From equations (3) - (5), it is evident that maximum diffuse solar radiation is obtained 
for a horizontal surface not surrounded by any higher terrain. 

In order to calculate the reflected solar radiation it may be assumed that all surrounding 
terrain is flat, whereby equation (6), given by Josefsson (1985) may be used. 

I ref = 0.5 · (1- cos s) · a · (Idif,a + Idir,a) (6) 

where 
Iref = reflected solar radiation reaching the surface (Wm-2) 

a = albedo of the surrounding terrain 
h1,a = diffuse solar radiation reaching surrounding terrain (Wm-2) 

hr,a = direct solar radiation reaching surrounding terrain (Wm-2) 
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ences in solar radiation for different aspects are most probably smaller since the sun is 
above the horizon for a longer part of the day and since its greatest elevation above ho
rizon is lower. Another effect of the sun having a lower maximum height above horizon 
is that the maximum obtained solar radiation would occur on steeper slopes, e.g. 45° 
instead of 30°. 

2.2 SP ATIALL Y DISTRIBUTED SNOW MO DELS 

As will be shown from the literature cited below, modelling of spatial snow distribution 
mostly focuses on the melting. Accumulation is not given much attention. Either it is 
estimated as extrapolated data from field measurements or simply regarded as known 
from intense field campaigns. As for the accumulation of snow, there are some previous 
projects conceming the snowdrift but they seem to be restricted by the extraordinary 
computer capacity needed for the simulations. Simulations have been done for relatively 
small areas, see for example Jaedicke et al. (2000) and Liston & Sturm (1998). 

2.2.1 Methods for modelling snowmelt 
Leavesley (1989) presents the two most important different ways to calculate snowrnelt. 
The first way, which is physically most correct, is to use an energy balance which de
mands several physical parameters as input. The second way, the degree-day method, is 
of index-type only using air temperature as an input. 

Energy balance 
According to Male (1980) there are two approaches that can be used to calculate snow
melt from an energy balance. Either by considering energy exchanges at the snow sur
face, or by regarding the whole snowpack as a control volume over which fluxes and 
heat changes are considered. In both cases, the fluxes are of different types, mainly; 
shortwave radiation, longwave radiation, sensible and latent heat flux. To calculate 
these fluxes a number of parameters has to be known, among those; temperature in air, 
snow and soil, air humidity, wind speed, wind profile and cloudiness. Since wide areas 
that receive snow in the winter are in non-inhabited regions it is often bard to obtain all 
those parameters. 

The degree-day method 
According to Rango & Martinec (1995), the degree-day method has been used for rnore 
than 60 years and is still in use for calculating total snowmelt in drainage basins. The 
accuracy is satisfying for this purpose when whole basins are modelled and time steps 
no shorter than a week are used. Still, the method is often used with a time step of 1 
hour. However, the method is not perfectly suited for describing the spatial distribution 
ofsnow. 

The degree-day method is used to calculate snowmelt with a timestep of one day in the 
HBV-96 model, which is the model SMHI uses. Lindström et al. (1996) provides the 
degree-day method used in the HBV-model: 

MELT = CFMAX · (T-TT) (7) 
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where 
MELT 
CFMAX 
TT 
T 

= snowmelt (mm/time step) 
= degree-day factor (mm H2O/(degree timestep)) 
= threshold temperature 
= airtemperature 

The only meteorological input in this method is air temperature, which does not give a 
correct picture of reality in terms of snowmelt. Nevertheless, the method is said to in
clude other processes that are explicitly written in an energy balance, by adjustments of 
CFMAX and TT. CFMAX is often assumed to be a constant, which according to Rango 
& Martinec (1995) is inaccurate. They suggest that CFMAX should increase <luring the 
melt period. According to Leavesley (1989), CFMAX should be allowed to vary spa
tially as well, due to differences in solar radiation, land cover and altitude. 

Lindström et al. ( 1996) report that work has been done for the HBV-96 model to let the 
degree-day method develop towards an energy balance hut this did not result in better 
results conceming the simulation of river runoff. Furthermore, experiments where 
CFMAX is varied have been performed in order to increase the predictive ability of the 
HBV-96 model. CFMAX has then been allowed to vary with time, precipitation and 
wind speed hut none of these attempts lead to better results. Although, depending on the 
land cover, CFMAX is given different values in the lumped HBV-96 model depending 
on whether the area is forested or not (Lindström et al. 1996). 

Extended degree-day method 
According to Rango & Martinec (1995), the accuracy of the degree-day method can be 
increased for short time-steps and small areas if a radiation component is added to the 
method. The extended degree-day method is then given by: 

MELT = CFMAX · (T-TT)+MR · (l-a)-G (8) 

where 
= global radiation converted to melting (mm H2O/timestep) 
= albedo 
= net outgoing longwave radiation converted to melting (mm 

H2O/timestep) 

According to Martinec (1989), another approach is to use: 

MELT = CFMAX·(T-TT)+MQ ·RN (9) 

where 
= melt factor for net radiation (mm H2O/(timestep (W/m2))) 

= net radiation (W/m2) 

The resolution increases, both temporally and spatially, if radiation is added to the de
gree-day method according to equation 8 or equation 9. The method demands one or 
two extra components as input though. Another approach is presented by Hock (1999), 
who combines the potential direct solar radiation with temperature according to: 
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MELT = (CFMAX +K-1)-(T-TT) 

where 
K 
I 

= radiation coefficient (mm H2O/(timestep (W/m2))) 

= potential direct solar radiation (W/m2) 

(10) 

When using this method with a timestep of one hour, Hock (1999) obtained satisfactory 
modelling results conceming the temporal and spatial variations of melt on the glacier 
Storglaciären in Sweden. 

2.2.2 Models including the spatial distribution of snow 
There are several models that cancern the spatial distribution of snow. Cline et al. 
(1998) calculated the energy balance in each cell of a grid-mesh. The radiation input 
was estimated from topographical data and both shadowing as well as reflecting effects 
of the terrain were considered. Another spatially distributed model is presented by Ohta 
(1994 ), who used the energy balance and calculated solar radiation from topographical 
data. Energy balance was also used by Blöschl et al. ( 1991 b) to model spatial snowmelt. 
The shortwave radiation was then calculated while excluding all shading effects and as
suming all reflecting radiation was from a flat surrounding terrain. According to the 
modelling results, the radiation assumptions done by Blöschl et al. ( 1991 b) are realistic. 

Several distributed models use the degree-day approach as well. Among those is a 
model presented by Kirschbaum (1998), in which the melt factor is varied temporally 
and spatially. The time dependent variation in the melt factor is a discrete sinusoidal 
function with specific values for each month and a maximum in June. Spatial variation 
of the melt factor is calculated from topography as to reflect the solar radiation condi
tions a clear mid-summer day. The model has been implemented for a Norwegian 
mountainous catchment without forest and an average altitude of 1100 m. This model 
gave better predictions of maximum SWE (Snow Water Equivalent) in the catchment 
than a lumped HBV model. Hock (1999) used the degree-day method as given in equa
tion 10 to model spatial snow melt, in this case for snow on a glacier, Storglaciären, 
situated 67°55'N 18°35'E at altitude 1120-1730 m. The potential direct solar radiation 
was calculated from a digital elevation map and the timestep was one hour. The results 
showed correct variations in snowmelt, both temporally and spatially. 
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3 MATERIAL AND METHODS 

3.1 MATERIAL 

3.1.1 Snow distribution from satellite images 
The spatial snow distribution in an area of approximately 5000 km2 was obtained from 
processed satellite remote sensing data available at SMHI (see Rott et al. 2000). The 
distribution was given for the same area at four occasions, 1992/06/02, 1992/06/09, 
1992/06/25 and 1996/06/04. According to Klein et al. (1998) it is difficult to distinguish 
snow cover from no snow cover in forests due to the shading effect of the vegetation. 
On glaciers and lakes there may be bubbly ice that appears white and thus incorrectly 
might be classified as snow. Thereby, the classification of snow and not snow in forests, 
on glaciers and lakes is of comparatively low quality. The processed data are in a 
gridded form, i.e. the area over which snow cover is examined is divided into cells by a 
regular grid-mesh. Each grid-cell (also referred toas pixel) represents a square of 30 by 
30 metres and is associated with an attribute which is "1" if the square is covered with 
snow or "O" if the square does not have snow. The grid-mesh may also be regarded as a 
matrix where each element has value 1 or O and represents a 30 metre square in the ter
rain. In this study, the data were analysed in a GIS (Geographical Information System) -
a computer-based system for acquiring, processing, analysing, storing and presenting 
geographical data (Malmström & Wellving 1995), and also with help from Matlab - a 
language for computing, that is suited for handling matrices. 

The analyses were done focusing on Snow Covered Area (hereafter referred toas SCA). 
The SCA is not directly proportional to the amount of snow, or Snow Water Equivalent 
(hereafter referred to as SWE). Y et, there are investigations that show a positive cor
relation between SCA and SWE, see for example Kuittinen (1989) who achieved a 
positive correlation coefficient of O. 89. 

3.1.2 Investigated area 
The area of study is a mountainous region in northem Sweden. The area has the shape 
of a rectangle with lower left comer at Xl565000 Y7430000 and upper right comer at 
X1640000 Y7500110, given in Swedish national co-ordinates (RT90), where X denotes 
the eastem position and Y the northem. In latitude and longitude the lower left comer is 
approximately 66°50'N l 7°15'E. 

The area includes the National Park of Sarek and is east of the major water divide that 
defines the Baltic Sea drainage basin. The area includes several high peaks, great areas 
above the timberline, several glaciers and lakes, wetlands, forest and open ground, 
(Figure 2 and Figure 3). 
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Jnvestigated area. Altitude and the main catchment Tjaktjajaure with 
subcatchments Laitaure and Sitojaure are shown. 
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Land cover within the investigated area. Five sections used as sub-divi
sions for limiting the area for analyses are also marked (sections A-E). 
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The area receives a lot of precipitation, especially <luring winter. Furthermore, there is a 
large gradient in precipitation which is decreasing from west to east (Bergström & 
Brandt 1984). The whole area is within the global westwind belt which means that the 
geostrophic winds are mainly from west (see for instance Palmen & Newton 1969). 
Data on geostrophic wind, calculated at SMHI from synoptic observations, were also 
available for the investigated area (Figure 4) . The data of interest for this study were a 
series of geostrophic wind directions, every third hour from 1981 to 1998, calculated for 
the position 67 .5° N 17.5° E and assumed to be valid for the "square" defined by integer 
latitudes and longitudes, (i.e. within the area 67-68° N 17-18° E). There are also elder 
data of wind direction observations from the area of interest. During the years 1914-
1916 wind directions were measured at Pårtetjåkkå (Figure 4), which is a mountain 
peak situated within the area, under supervision of Axel Hamberg (Hamberg & Jönsson 
193 3 and Köhler 193 9). The measurements were done at 1834 m altitude at position 
X1579000 Y7452500, 5.8 m above ground. Wind direction was observed every hour 
<luring the period July 1914 - June 1916. The measured wind at Pårtetjåkkå and the cal
culated geostrophic wind shows similar pattems. Southwestem winds dominate among 
the measurements at Pårtetjåkkå, while the geostrophic wind is dominated by western 
winds. This is consistent with the theory of wind directions tuming to the left at lower 
altitudes (at northem hemisphere) due to the coriolis effect (see for instance Liljequist 
1962). 
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Figure 4 Wind directions in the investigated area, geostrophic wind direction as 
calculated at SMHI, and measured wind direction at Pårtetjåkkå after 
Hamberg & Jönsson (1933) and Köhler (1939). 

From the Swedish Land Survey (Lantmäteriverket), SMHI has obtained databases in
cluding information about altitude and land cover with a resolution of 50 m. These da
tabases were used in this study and the resolutions were recalculated to 30 m to facili
tate the comparison with the snow distribution data. The recalculation was done by the 
GIS-application Arclnfo Grid. Thereby databases of the same format as the snow distri
bution data were obtained; land cover as a grid-mesh with each cell having a number 
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corresponding to the type of ground for that 30-metre square and for the altitude data
base as a grid-mesh with each cell having a value corresponding to the altitude. From 
the altitude grid-mesh, calculations of slopes and aspects were done by the GIS-appli
cation Arclnfo Grid. The resulting aspect is given as 0° when the slope is facing north 
and increasing clockwise. These calculations resulted in four grid-meshes with infor
mation about the area; land cover, altitude, slope and aspect, all with resolution 30 m. 
Regarded as matrices the grid-meshes had 2337 rows and 2500 columns each. 

3.1.3 Topography and land use 

From Table I it is clear that the western parts of the investigated area is on a higher al
titude and also have greater variations in altitude. The correlation coefficient between 
average altitude and eastem co-ordinate (Figure 5) is - 0.97 and the correlation between 
average altitude and relative area of forests is -0.94. 

Table 1 Altitude characteristics in the investigated area 

Section 
A B C D E whole area 

:Average altitude (m) 1093 988 859 664 639 849 
Median altitude (m) 1083 923 839 635 614 800 
Min altitude (m) 357 327 374 301 366 301 
Max altitude (m) 1999 2058 1807 1411 1093 2058 
Standard deviation (m) 315 332 286 197 162 321 
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Figure 5 Average altitude and relative forested area, variations with eastern co
ordinate, 2 4 0 m running average. 

The relative areas of flat surfaces are increasing with eastem and northem co-ordinates. 
The northeastem, northem and northwestem aspects are decreasing with eastem co
ordinate and increasing with northem co-ordinate while the opposite is valid for south-
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western aspects (Table 2). What is seen in Table 2 is to some extent a result of the area 
having high peaks in the centre and surrounding lower regions. 

Table 2 Correlation coefficients between aspects and co-ordinates 

Flat N NE E SE s sw w NW 
East 0.71 -0.38 -0.15 0.0 1 -0.19 -0.16 0.11 0.02 -0.40 
North 0.29 0.35 0.24 -0.16 -0.34 -0.31 -0.32 -0.06 0.14 

As a result of the great valleys in the area (Figure 2), the aspects northeast, south and 
southwest are the most cornrnon aspects (Table 3). Since those valleys are U-shaped, 
their sides are steeper higher up and accordingly the relative areas of northeastern and 
southwestern aspects are relatively smaller at higher altitudes (Table 3). The 
correlations in Table 3 were calculated for section A when forest, lakes and glaciers 
were excluded and only for the altitude interval 730-1606 m, since the area below 730 
as well as the area above 1606 m, is only accounting for 5 %. The correlations further 
suggest that southeastern and northwestern aspects more cornrnon at higher altitudes. 

Table 3 Aspect characteristics, relative area (%) 

Section correlation with 
A n C OC> E rwhole area altitude 

Flat 1.4 3.4 8.4 14.1 8.7 7.2 -0.21 
N 14.8 14.5 12.7 9.7 11.7 12,7 -0.37 
NE 16.6 14.6 15.8 11.7 16.0 14.9 -0.81 
E 10.6 10.6 11.3 9.3 11.2 10.6 -0.51 
SE 9.6 9.7 9.2 8.4 8.7 9.1 0.59 
s 16.4 15.1 14.5 13.9 15 .0 15 .0 0.09 

11SW 13 .9 14.3 13 .2 15.l 14.4 14.1 -0.22 
w 8.5 9.9 8.4 11.1 8.3 9.2 0.11 
NW 8.2 7.8 6.5 6.7 5.9 7.0 0.82 

More detailed investigations of the variation of aspects with altitude showed certain 
anomalies at specific elevations. This is illustrated by e.g. Figure 6, where the whole 
area (forest, lakes and glaciers excluded) has relatively large areas of flat surfaces and 
southeastern aspects at heights around 900 and 1200 m. At the same altitudes, the areas 
with the southwestern, western and northwestern aspects are relatively smaller than at 
lower and higher altitudes. The same patterns are found in section A and catchrnent 
Laitaure. 
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and northwest aspects with altitude. Whole area when forest, lakes and 
glaciers were excluded. 

The average slope for the whole area is 9.7°. Figure 7 shows that slopes around 2.5° are 
the most common in the whole area. For the western parts, steeper slopes are more 
common and for the eastem parts more gentle slopes are more common. 
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Distribution of investigated area with respect to slope. 
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The distributions of slopes over elevation show a clear tendency of steeper slopes being 
situated at higher altitudes. The most gentle slopes show some anomalies from that pat
tem. In Figure 8 the distributions of slopes <20° over altitude in Laitaure are shown. 
Flat and gentle slopes occupy large areas at altitudes ~900 m and ~1250 m. The same 
pattems are found for the whole area and for section A. This is also shown by Figure 9, 
and it is evident that there are large areas of flat and gently sloping ground around 
1200 m. Figure 9 further shows that peaks above ~900 m are isolated. Therefore, it may 
be suspected that those peaks are more exposed to wind than the areas below ~900 m. 
The same is valid for ~ 1200 m. 
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Figure 8 Cumulative area of slopes over elevation. Laitaure, forest, glaciers and 
lakes are not included. 
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Figure 9 Transect from south to north through whole area at eastern position 
1575000 m. Altitude 1200 m is marked in the plot. 

The relative areas sloping less than 11 ° are decreasing with increased altitude and rela
tive areas sloping steeper than 21 ° are increasing with increased altitude (Table 4). The 
coefficients and R2-values in Table 4 are obtained by firstly, calculating the relative ar
eas (normalised with their maximum value) of slopes for every altitude interval of 1 m. 
Secondly, performing linear regressions between altitude and normalised areas for 
slopes. 
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Table 4 Linear regression oj normalised relative area oj clustered slopes and al
titude. Section A with forest, lakes and glaciers excluded 

Slope (degrees) Normalised relative area is proportional R2 -value for lin- Total area 
to altitude with a coefficient ear regression (km2) 

0-10 -0.0006 0.92 339 
11-21 0.00006 0.23 252 
22-32 0.0002 0.82 154 
33-42 0.0002 0.72 68 
43-53 0.00009 0.62 30 
54-64 0.00008 0.47 6 

Glaciers occur at the highest altitudes, followed by mountains (not forested). Below 
those are wetlands, open ground and forests and, at the lowest altitudes, lakes (Figure 
10). Lakes and wetlands are far more common on some specific altitudes than others, 
for example is almost 60% of the total lake area within the interval 400-500 m. The 
wetlands and open grounds are 10-100 times more common at slopes <5° compared to 
slopes >5°. 
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Figure 10 Distribution oj land covers for whole area with respect to altitude. 

Table 5 shows that the land covers most common at high elevations (see Figure 10) are 
less frequent in the eastem regions of the area. The opposite, i.e. frequent occurrence in 
the eastem regions, is valid for the land covers that are most frequent at lower altitudes. 
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Table 5 Land characteristics, relative areas (%) 

Section 
and cover B C 
ountain (not forested) 79.9 67.6 64.5 

9.4 1.5 3.5 
1.1 3.2 9.3 
8.6 5.4 0.4 
0.7 0.9 1.1 1.9 

Open ground 0.2 1.3 1.2 1.5 

The glaciers are mostly occuring on northeastern and eastern aspects, while the aspects 
with least glacier area are southwestern and western (Figure 11). The distribution of 
glaciers are closely connected to wind direction. Correlation coefficients between distri
bution of glaciers on aspects and wind directions are - 0.86 for Pårtetjåkkå wind and -
0.96 for the geostrophic wind. 
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Distribution of glaciers with respect to aspects in whole investigated 
area. Also measured wind directions at Pårtetjåkkå 1914-1916 and cal
culated geostrophic wind directions 1981-1998. 

The geostrophic wind is mainly westerly and measured wind directions at Pårtetjåkkå 
are dominated by southwestern winds (see Figure 4 and Figure 11). The geostrophic 
wind data, also show that the winter 199111992 was more dominated by western winds 
than the average of the period 1981-1998. During the winter 1995/1996 the westerly 
and easterly winds were almost equally frequent. Instead, the southern winds were more 
frequent than the northern this particular winter. 
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3.2 METHODS 

3.2.1 Analysing snow distribution , 
When performing the analyses several combinations of the available variables (see 
Table 6) were used. For most combinations the data were subdivided to represent either 
one of the catchments presented in Figure 2 or any of the equally sized sections in 
Figure 3. This is reasonable since the whole area is quite large which makes it likely 
that there are considerable differences in unknown factors , such as precipitation. Fur
thermore, the land-covers glacier, forest and lake were excluded from most analyses. 
This was due to their relatively low quality of snow cover data, see section 3 .1.1, and 
due to the deviant pattem of snow cover on lakes and glaciers . 

Table 6 Variables available for analyses 

Variables affecting snow distribution: Resulting snow distributions: 
Eastem position SCA 1992/06/02 
Northem position SCA 1992/06/09 
Land cover ( 6 classes, see Figure 3) SCA 1992/06/25 
Altitude (see Figure 2) SCA 1996/06/04 
Slope angle 
Slope aspect 
Wind direction at Pårtetjåkkå (see Figure 4) 
Geostrophic wind direction (see Figure 4) 

Since all variables (except the wind directions) were in grid-meshes covering the same 
area and having the same resolution, the analyses could conveniently be done by taking 
combinations of them with either the GIS-applications Arc View Spatial Analyst or 
Arclnfo Grid, or the language for computing - Matlab. For some cases, the difference in 
SCA between two observations 1992 was regarded as the melting and used as a result
ing melt distribution. For some analyses, the variables were clustered in intervals. The 
most usual clusterings are presented in Figure 12. 

75.5° 64.5° 53.5° 

66.5° 

247.5° 112.5° 

202.5° 

Figure 12 Clusters for aspect and slope used in the analyses. 

The analyses were done by first looking at several plots generated from the combina
tions of different variables and then calculating correlation coefficients for interesting 
combinations. 
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Aspect has values that are difficult to analyse statistically directly due to the fäet that 0° 
and 359° are as close to each other as 0° and 1 °. Therefore, correlations with aspects 
involved were done by taking the cosine and sine of aspect. Since 0° is in north, cosine 
of aspect will result in a number between -1 and 1 telling to what extent the particular 
aspect is pointing to the north. In the same way, sine of aspect gives a number between 
-1 and 1 telling to what extent the aspect is pointing to the east. Hence, cosine and sine 
of aspects were calculated and denoted north-aspect and east-aspect. 

In the previous section characteristics conceming the investigated area were presented, 
i.e. characteristics of and dependencies between the affecting variables. These results 
were important for further work with correlations between SCA and the affecting vari
ables. Knowledge of the intemal dependencies between the affecting variables made it 
easier to avoid incorrect conclusions from correlations between SCA and single affect
ing variables. As a hypothetical example, if there is a high correlation between northem 
position and altitude one should at a later stage be aware that a high correlation between 
SCA and northem position may simply be a result of SCA depending on altitude. 

3.2.2 Performing resolution control of proposed modelling approach 
For a model distributed in a grid-mesh, the size of grid-cells is deciding the resolution 
of the model. Each cell in the grid-mesh may be related to unique values such as aspect 
and altitude. These parameters may have certain scales where they are no longer varying 
spatially. Therefore, a resolution control was performed to investigate whether there is a 
cell-size where the difference between two cells is no longer detectable. 

The control was done by continuously increasing the grid-cell size and compare cells to 
each other with respect to (1) aspect, or (2) snow amount calculated with respect to as
pect and/or altitude. Thus, the cell values were either north-aspect, east-aspect or snow 
amount. 

Irrespective of what the cell values were, the control was done in five tests . Bach of the 
five tests was done as follows . First, four grid cells were distributed over the available 
investigated area. Then, their cell sizes were increased and finally the difference or ratio 
between their average values for varying cell sizes was calculated. The difference be
tween the five tests was to distribute grid cells according to Figure 13 in five different 
regions of the investigated area. Grid cell size was first 100 m and then increased in 
steps of 100 m. 
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Figure 13 Method for distributing and increasing grid cells for resolution control. 

First, a resolution control was done to investigate if there was a critical cell size where 
there was no difference between cells with respect to their aspect. The difference was 
calculated by subtracting the average north-aspect (or east-aspect) of one grid-cell with 
the average value of another cell . This gave the cell size at which the information about 
aspect would be unnecessary, since grid cells would have approxirnately the same aver
age aspect. 

Secondly, a resolution control was performed to investigate if there was a critical cell 
size where there was no difference between cells with respect to their snow amount. The 
differences were investigated by calculating the ratios between cells. Two alternative 
tests were carried out. In one of thern the altitude information was cornpletely excluded 
and only the variations in snow arnount caused by aspect and slope were considered, in 
the other also the elevation dependency of precipitation and ternperature was included. 
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4 RESULTS 

4.1 EMPIRICAL SNOW DISTRIBUTION 
Unless other information is given, the land-covers forest, glaciers and lakes are ex
cluded from all the presented results . 

4.1.1 Geographic distribution 
The variation of SCA with eastem co-ordinate showed a high resemblance to the ave'r
age altitude, see Figure 14. Snow melt was computed as the relative difference in SCA 
from 1992/06/02 to 1992/06/09 and shows the opposite pattem with high melt rates at 
low altitudes. For the other occasions, 1992/06/09, 1992/06/25 and 1996/06/04 the dis
tributions of SCA were similar as in Figure 14 but the absolute values differed. 

High correlations were found between SCA/melting and eastem position and average 
altitude respectively (see Table 7). Also, high correlation between northem co-ordinate 
and melting was seen. The melting is the above mentioned difference in SCA and the 
altitude is a running average over an eastem co-ordinate interval of 240 m. When cal
culating the correlations for melting, the co-ordinate intervals that did not have any 
snow ( after the melt period) were excluded. The intervals used for correlation with 
melting are thus eastem; 1565000 to 1613510 and northem; 7431650 to 7500080. 
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Table 7 Correlation coefficients concerning geographical co-ordinates, altitude, 
SCA and melfing. For whole area and all land covers 

SCA SCA SCA melting melting 
1992/06/02 1992/06/09 1992/06/25 1992/06/02 to 1992/06/02 to 

1992/06/09 1992/06/25 
Eastern position -0.96 -0.95 -0.91 0.91 0.95 
A verage altitude per 0.97 0.96 0.91 -0.94 -0.93 
eastern position 
Northern position 0.21 0.46 0.51 -0.83 -0.73 

4.1.2 Altitude distribution 
The SCA distributions with respect to altitude were found to be similar for all four oc
casions, irrespective of considered subdivisions of investigated area. Figure 15 shows a 
typical example of the plots of SCA versus altitude. The SCA was increasing with alti
tude with two changes in the gradient coinciding with local maximas in SCA. From the 
altitude where snow first appears, SCA is strongly increasing up to ~900 m, where the 
first local maximum in SCA occurs. Above ~900 m there is a more gentle increase in 
SCA up to ~1250 m, where the next local maximum occurs. Above ~1250 m, the SCA 
is nearly constant. The maximas are coinciding with both gradient changes and also 
with altitudes that represent a great part of the investigated area. The altitudes at which 
the maximas occur are probably depending on topographic effects as explained in later 
sections. Furthermore, the maximas are caused by variations in SCA on gentle slopes 
(0-10°), while the steeper ones do not show same pattem (Figure 16). The difference in 
increase of SCA with altitude that occur at ~ 1250 m is not seen for steeper slopes. 
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Figure 15 The distribution of SCA with respect to altitude, in Laitaure. 
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Figure 16 Distribution of SCA 1992/06/09 with respect to altitude for gentle and 
steep slope clusters. Section Afor all land covers exceptforest. 
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4.1.3 Aspects distribution 
SCA distributed on different aspects was found to have a quite similar pattem for dif
ferent subdivisions of the investigated area and also for the different observations 
(1992/06/02, 1992/06/09, 1992/06/25 and 1996/06/04). 

Figure 17 shows that, except for the flat areas which by definition do not slope in any 
direction, the eastem and southeastem aspects have the highest SCA, while the western 
and southwestem have the lowest. Moreover, the flat areas differ a lot in SCA depend
ing on what subdivision of the investigated area that is considered. The observations of 
SCA from 1996/06/04 differ sligthly from that observed 1992. The differences between 
southwestern/westem and southeastern/eastem aspects are not as big 1996 as 1992, hut 
the difference between northem and southem aspects is greater. 
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Figure 17 Distribution of SCA with respect to aspects in Laitaure. 

As shown by Table 8, the distribution of SCA on different aspects is quite similar for 
different subdivisions of the investigated area. It should be noted that for altitude inter
val 901-1000 m in section A the extreme deviations are at W aspect and E aspect and 
not at SW and SE as for practically all other areas. 
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Table 8 

Area 

Whole area 

Section A 

Section A 

901-1000 m 

Section A 

1201-1300 m 

Laitaure 

Deviation from average SCA (%) for different subdivisions of the total 
investigated area, aspects are sorted in ascending order for 199 2 aver
age in whole area 

average 
Pate sw w NW s N NE E SE SCA (%) 

1992/06/02 -9.1 -6.9 -2.3 0.5 0.4 1.9 6.5 9.0 58.0 

1992/06/09 -10.1 -8.4 -0.5 -0.5 1.5 2.2 6.4 9.4 35.8 

1992/06/25 -8.6 -7.6 -1.2 -1.0 1.5 3.0 5.5 8.4 17.5 

average for 1992 -9.3 -7.6 -1.3 -0.3 1.1 2.4 6.1 8.9 

1992/06/02 -14.3 -6.0 4.3 -0.9 2.9 1.9 5.1 7.0 78.3 

1992/06/09 -16.0 -7.3 6.7 -1.5 2.5 0.6 5.5 9.5 62.2 

1992/06/25 -17.5 -12.2 1.7 -2.5 2.3 3.8 9.6 14.8 39.0 

average for 1992 -15.9 -8.5 4.3 -1.7 2.5 2.1 6.8 10.4 

1992/06/02 -10.9 -9.8 -5.6 2.4 3.7 4.4 8.5 7.3 79.0 

1992/06/09 -9.3 -12.3 -5.5 3.8 2.4 3.7 9.1 8.2 62.4 

1992/06/25 -12.4 -16.6 -10.5 -1.9 2.3 12.3 15.2 11.6 33.0 

average for 1992 -10.9 -12.9 -7.2 1.4 2.8 6.8 10.9 9.0 

1992/06/02 -17.2 -5.9 3.2 -2.2 1.4 5.0 8.1 7.6 86.4 

1992/06/09 -20.8 -5.5 6.9 -5 .5 1.4 2.1 10.0 11.3 75.4 

1992/06/25 -20.4 -14.6 -2.2 -5 .9 3.5 3.2 18.0 18.5 54.2 

average for 1992 -19.5 -8.7 2.6 -4.5 2.1 3.4 12.0 12.4 

1992/06/02 -13.4 -5.1 -2.5 -1.9 -3.8 ~-9 10.0 11.8 68.2 

1992/06/09 -15.4 -10.2 -2.9 -2.9 -1.8 7.8 12.1 13.3 52.4 

1992/06/25 -16.6 -14.8 -6.2 -1.9 0.6 9.4 13.7 16.0 34.3 

average for 1992 -15.1 -10.1 -3.9 -2.3 -1.7 7.4 11.9 13.7 

1996/06/04 -11.2 -1.8 3.1 -4.6 2.3 1.4 ~-2 6.5 

The correlations for SCA tumed out to be higher for east-aspect than for north-aspect, 
see Table 9. The melting was as above calculated as the relative difference in SCA. The 
correlations for the observation from 1996 differ considerable from the ones from 1992. 
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Table 9 Correlations between SCA and N-aspect/E-aspect respectively 

1992/ 1992/ 1992/ 1996/ melting 1992/06/02 melting 1992/06/09 
06/02 06/09 06/25 06/04 to 1992/06/09 to 1992/06/25 

N-aspect, section A 0.36 0.31 0.19 -0.25 -0.14 

E-aspect, section A 0.66 0.60 0.82 -0.49 -0.92 

N-aspect, Laitaure 0.00 0.16 0.12 0.45 -0.33 -0.03 

E-aspect,Laitaure 0.91 0.92 0.94 0.58 -0.86 -0.94 

The SCA was correlated with wind directions, and observations from 1992 were found 
to be highly correlated with directions measured at Pårtetjåkkå 1914-1916 and the 
geostrophic wind directions for the winter 1991/1992 (Table 10). SCA from 1996 had 
lower correlations with wind direction, maximum correlation was obtained for the di
rections measured at Pårtetjåkkå though. The high correlations between SCA from 1992 
and wind directions are also evident from Figure 18, where an almost inverse relation 
between wind direction and SCA is seen. 

Table 10 Correlations between SCA and wind directions in Laitaure 

Wind Geostrophic Geostrophic Geostrophic Geostrophic 
Pårtetjåkkå wind wind wind wind 
July 1914 - Nov 1991- 1981-1990 & Nov 1995 - 1981-1994 & 
June 1916 May 1992 1993-1998 May 1996 1997-1998 

SCA, Laitaure 1992/06/02 -0.95 -0.86 -0.75 -0.17 -0.79 

SCA, Laitaure 1992/06/09 -0.92 -0.90 -0.86 -0.35 -0.88 

SCA, Laitaure 1992/06/25 -0.90 -0.93 -0.89 -0.36 -0.91 
SCA, Laitaure 1996/06/04 -0.74 -0.59 -0.63 -0.45 -0.63 
Wind Pårtetjåkkå 1.00 0.88 0.78 0.21 0.81 
July 1914 - June 1916 
Geostrophic wind 0.88 1.00 0.93 0.37 0.95 
Nov 1991 - May 1992 
Geostrophic wind 0.21 0.37 0.64 1.00 0.58 
Nov 1995 - May 1996 
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Figure 18 Wind directions and SCA with respect to aspect in Laitaure. 

4.1.4 Slope distribution 

Scatter plots of SCA versus slope show that SCA has a maximum for slopes ~23 ° 
(Figure 19). When investigating the whole area, this pattem is even more obvious, also 
for Laitaure. The SCA was on certain aspects found to have a somewhat different distri
bution over slope than on other aspects. For the gentler slopes ~<4°, the distribution is 
similar for different aspects but from 4 to ~20° there is an increasing difference in SCA 
on east and west aspects. For 1992/06/02 in Tjaktjajaure maximum SCA for clustered 
aspect NW, W and SW is obtained for slopes ~5° and for the NE, E and SE aspect ~20° 
(Figure 20). 

28 



l 

' 

100 60 • area 
90 • 1992-06-02 

• 1992-06-09 50 
80 --

70 ___!_ 

~ 
60 

~ 
<( 50 
(_) 
(f) 

40 

30 

20 

10 

0 
0 

Figure 19 

90 

80 

70 

• 
60 -

• 
~ 50 
~ 

• 
<( • 
(.) 

40 Cl) -
• 

30 - ,r 
•x 
X 

20 

10 

0 

0 

Figure 20 

• •••••••••••• • 1992-06-25 

•-~ ~•I••••• • •••••• • 
•••••••••••••••• 

~ 

• 

• 

·-. 

--·-··········· 
•• • • . 

I' -- ---........ • •• • 
·····•- • • - - •• --•••• • • ............... •• 

~!.I ,11'' .... - • 
--•········· -- . • 

•••••••••• •• • 
• -· • 

40 

N 
E 

30 6 
Cll 
Q) 

~ 
20 .. •• • • •• 

••••• • •• ' -- -
10 

m I f ~ 
• 

' 0 
10 20 30 40 50 60 70 

Slope (degrees) 

Distribution of investigated area and SCA with respect to slope in 
Section A. 

1 •••• 1 •••• •••• ••• • • •• •• •••• •• • • • • -
•••• ........ .. .-.-... 

• 
•••••• • •••• • • • •• •• .. • , .... , ..... , , .... , - • . • 

I • •• • .,, ... , . • • •• • • • - • • - • • 11• 
... • • ... ,. • • • • • • • • • •• • • 

X X")!(- X-x,.. • ·- - I • 
I • • • • xxx Xxx x xxxx • • • • xX Xx x • • •• vx xxx T xx • • .. 

5 

XxX -.. • 
xxxxxx X x •• XXX 

x,,, x X 

• NE, E, SE, 1992/06/02 X X 
X 

X • • NW, W, SW, 1992/06/02 X • -• NE, E, SE, 1992/06/09 X X 

x l 
x xx x 

x NW, W, SW, 1992/06/09 X I X 

10 15 20 25 30 35 40 45 50 55 60 65 70 

slope (degrees) 

Distribution of SCA on clustered aspects with respect to slope angle in 
Tjaktjajaure. 

Also, the melting (relative difference in SCA) was investigated with respect to slope. 
For section A, the melting increased with increased slope from 1992/06/02 to 
1992/06/09 and decreased with increased slope from 1992/06/09 to 1992/06/25 . 

29 



4.1.5 Land cover distribution 
The SCA was, for the three most investigated land covers, highest for mountains (not 
forested), then wetlands and open ground (Figure 21). This order of SCA on the three 
land covers follows the distribution of them with altitude (Figure 10). 
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Figure 21 Distribution of investigated area and SCA on different land covers. 
Whole investigated area. 

4.2 AN APPROACH FOR MODELLING SNOW DISTRIBUTION 
Based on the empirical snow distribution results, the proposed distributed model can be 
specified: 
1. The model is to be distributed in a grid-mesh. 
2. An elevation correction is to be applied on precipitation and temperature. 
3. All fallen snow above the timberline is to be distributed evenly on all altitudes 

above the timberline. 
4. The accumulation correction for aspect must be calculated depending on the slope. 

Within interval 0° to ~23 ° the correction for each aspect should vary linearly from 1 
to the aspect-specific number given in Figure 22 (with lowest values on the aspect 
facing the wind). For slopes steeper than ~23°, the aspect correction is to be constant 
as in Figure 22. 

5. Further, accumulation must be corrected for the steepest slopes by a factor decreas
ing from 1 at 23° to 0 at 90°. 

6. The melt factor varies with aspect and have a maximum in southwest. The absolute 
numbers of the melt factor need to be chosen carefully but a start could be to use the 
variations in Figure 23. 

7. In some regions it might be relevant to let the melt factor vary with slope as well. 
Hereby, the pattem in Figure 1 should be strived for. 
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Figure 22 

Figure 23 
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s 

A suggestion for accumulation correction when the dominating wind is 
from southwest. 

E 

Suggestion for melt factor varying with aspect. To be used with a 
timestep oj one day. (Modified after Kirschbaum 1998.) 

The simplest way to model spatial snow distribution is to use a grid-mesh. Accumula
tion and ablation can thus be calculated specifically for each grid-cell. Also, precipita
tion and temperature can be different for different cells. 

The accumulation of snow is due to precipitation ( as extrapolated from meteorological 
stations with respect to altitude ). The redistribution of snow by wind is to be included in 
the model. A simple way is to modify the precipitation by correction with respect to al
titude, aspect and slope. A first attempt to modify accumulation with respect to aspect 
may be to distribute fallen snow as to obtain twice the amount on leeward slopes as 
compared to windward slopes, see Figure 22 for illustration. 

The melting of snow is to be calculated in the same way as by Kirschbaum (1998), i.e. 
according to the degree-day method in equation 7. Temperature to be used is the one 
extrapolated from meteorological stations with correction for altitude. Since the melting 
seen in the results in chapter 4.1 obviously differ on different aspects, a correction needs 
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to be done. To obtain different melt rates on different aspects the melt factor can be de
pendent on aspect, a first attempt may be to use melt factors as in Figure 23. 

4.2.1 Model resolution 
The variations in average N-aspect and E-aspect for grid cells of increasing size show 
that the difference between cells decreases. An example of this is shown in Figure 24 
for N-aspects. The difference is smoothened and decreased in the cell size interval 5000 
to ~12000 m. In Figure 25 same investigation is shown for E-aspect and the difference 
is relatively small for grid cells bigger than 8000 m. 
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Figure 24 Resolution control, dif.ference in N-aspect between cells. 
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Figure 25 Resolution control, difference in E-aspect between cells. 

To investigate the effect of resolution on model results, different assumptions about 
snow distribution with respect to slope and aspect were evaluated. These assumptions 
were further combined with assumptions about the distribution of temperature and pre
cipitation with respect to elevation. If altitude information was to be considered, the 
precipitation (in the form of snow) was according to Figure 26. Otherwise it was as
sumed to be 400 mm. Corrections for accumulation were calculated by multiplying each 
grid-cell with a factor according to Table I I. Melting was calculated for ten days ac
cording to equation 7 with a threshold temperature of 0° C. If altitude was considered, 
the temperature was assumed to be as in Figure 26. Otherwise it was assumed to be 
6°C. The melt factor was varied according to the approaches in Table I I. 

Table 11 Approaches for aspect-corrections used in resolution controls 

Approach 1 Flat N NE E SE s sw w NW 
Melt factor (mm/°C day) 2.5 1.75 1 1.75 2.5 3.25 4 3.25 2.5 
Accumulation correction 1 1.17 1.33 1.17 1 0.83 0.67 0.83 1 
Approach 2 Flat N NE E SE s sw w NW 
Melt factor (mm/°C day) 2.5 1 1.75 2.5 3.25 4 3.25 2.5 1.75 
Accumulation correction 1 1 1.17 1.33 1.17 1 0.83 0.67 0.83 

Approach 3 Flat N NE E SE s sw w NW 
Melt factor (mm/°C day) 2.5 1.75 1 1.75 2.5 3.25 4 3.25 2.5 
Accumulation correction 1 1 1 1 1 1 1 1 1 
Approach 4 Flat N NE E SE s sw w NW 
Melt factor (mm/°C day) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
Accumulation correction 1 1.17 1.33 1.17 1 0.83 0.67 0.83 1 
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Figure 26 Assumed temperature and precipitation used for resolution control. 

The results considering snow amounts corrected for only aspect show a reduction in dif
ferences between cells at the cell size ~ 10000 m and larger. All tests for the four ap
proaches were very similar to the examples shown by Figure 27 and Figure 28. The 
critical cell size for no clear difference between cells due to aspects are not completely 
clear but it seems to be approximately 10000 m +;_ 5000 m. 
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Figure 27 Resolution control, ratios between snow amounts in different grid cells 
corrected for aspects according to approach 4. 
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Figure 28 Resolution control, ratios between snow amounts in different grid cells 
corrected for aspects according to approach 1. 

When including the correction for altitude in calculations of snow amounts, the altitude 
was found to be the most important factor. An example of ratios between cells when 
considering both aspect and altitude is shown in Figure 29. No critical cell size what 
concems snow amounts corrected for altitude is found on this scale. 
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Figure 29 Resolution control, ratios between snow amounts in different grid cells. 
Snow amounts corrected for aspects according to first approach and precipitation vary 
with altitude according to assumption 1. 
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5 DISCUSSION 

5.1 TOPOGRAPHIC FEATURES IN THE INVESTIGATED AREA 
The altitude varies with geographical position and seems to be the determining factor 
for the location of forested areas. Altitude decreases with eastern co-ordinate and this 
may explain why the precipitation is lower in the eastern areas. The relative area ofNW 
and SE aspects is increasing with height, since the slopes in these directions are more 
gentle at higher altitudes than other slope directions. However, east aspects have less 
relative area at higher altitudes, which can be explained by "skollorna" (see for instance 
Lindström et al. 1991) that occur in the Scandinavian mountains and which cause steep 
slopes to face east. 

Since the resemblance between Pårtetjåkkå-wind and geostrophic wind is high, it seems 
likely that the present winds at Pårtetjåkkå are similar to those measured in the early 
20th century. Furthermore, the coinciding pattern between geostrophic wind and wind at 
Pårtetjåkkå implies that the wind at Pårtetjåkkå can be assumed to be valid for most part 
of the investigated area. Accordingly, the wind directions at Pårtetjåkkå from 1914-
1916 give a good estimate of normal wind conditions in the area, even for the periods 
when observations of SCA exist for this study. Since glaciers are situated in places with 
high accumulation they are also a sort of index for what aspects receive extra snow from 
redistribution with wind. The glaciers are mostly situated on north-eastern and eastern 
aspects, which indicates that the wind is (or have been) dominated by south-western and 
western winds. 

5.2 SNOW DISTRIBUTION 

Geographical position 
The distribution of snow depends strongly on the eastern position. This is mainly ex
plained by the fäet that the altitude is decreasing and partly due to the precipitation 
variation with eastern position (Bergström & Brandt 1984). The altitude decreases with 
eastern co-ordinate. Therefore, temperature is higher and precipitation lower in the east
ern regions and the SCA becomes lower. Hence, the lower SCA is a result of lower al
titude and not primarily longitude. The high correlation between the relative difference 
in SCA (melting) and eastern co-ordinate is probably also an effect of mentioned alti
tude variations. 

The variation of melting with northern co-ordinate is probably due to aspects since the 
melting is more pronounced on the south-facing slopes than on the north-facing slopes. 
(The northern regions have larger areas with north-facing slopes and the southern re
gions have larger areas with south-facing slopes.) 

Aspect 
The variations in SCA with north-aspect are probably partly explained by the varying 
conditions for solar radiation. According to theory, greater differences between north 
and south facing slopes could be expected. However, the region has many days with 
overcast and the direct solar radiation may thus not be as important as suggested by 
Figure 1. Also, the observations of SCA are from June, when the sun is above the hori
zon for a long part of the day and does not vary much in solar elevation. This means that 
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<luring June the differences in solar radiation on aspects at this latitude are smaller than 
shown by Figure 1. 

The southwest-facing slopes have lower SCA than the south-facing slopes. This can be 
explained by the combined effect of temperature and radiation, which Rock (1999) suc
cessfully has modelled. Physically, this may be explained assuming a melt period with 
melting <luring daytime and cooling of the snow pack <luring night. Every moming the 
snow pack needs to get reheated to 0° C before melting can start. Thus, southwest fac
ing slopes are exposed to maximum solar radiation at the time of day when temperature 
is at maximum. The southeast-facing slopes, on the other hand, obtain maximum solar 
radiation before midday, when the temperature may not even have raised to 0° C. This 
explanation is given by Baumgartner & Apfl (1997) and is supported by simulations 
done by Rango & Martinec (1995). 

Further, the observed snow distribution is also most certainly an effect of wind redistri
bution of snow. The SCA is higher on the northeast/east/southeast aspects than on the 
northwest/west/southwest aspects which is a clear indication that the wind has trans
ported snow from west to east. Furthermore, the distribution of the glaciers also indi
cates this transport of snow by wind. This is also supported by the high correlation be
tween wind directions and SCA. Figure 4 shows that the south-westerly winds are most 
common and thus the highest SCA should be expected on the north-eastem aspects ( as 
for the glaciers). But, since the eastem and north-eastem aspects are less common at 
higher altitudes they may have lower SCA than they would have if they were equally 
distributed on all altitudes (since SCA is higher for higher altitudes). Thereby, if the 
north-eastem aspects were equally distributed on all altitudes, the difference in SCA 
between south-west and north-east aspects would probably increase. Accordingly, the 
reason for SCA being lower on north-east aspects than east and south-east aspects might 
be a result of the relatively low area of north-east aspects at higher altitudes. 

Moreover, the higher wind speeds at slopes facing the wind (southeastem aspects) cause 
higher energy exchanges and thus more efficient melting when it occurs. 

The results are to a high extent coinciding with those obtained by Ehrler et al. (1997) in 
Switzerland. These distributions of snow on different aspects are therein said to be a 
result of wind pattems and solar raditation. 

Slopes 
The observed snowcover on different slope angles is strongly affected by the fäet that 
slope angles have different distributions over altitude. Within the slope interval O to 
~20° SCA is increasing with increased slope angle, which corresponds to the altitudal 
distribution of slopes in this interval. The flat and most gentle slopes are more common 
at lower altitudes while the relative areas of >23° slopes are increasing with altitude. 

The situation is different for slopes steeper than ~23 °. Even though the steepest slopes 
are more common at higher altitudes, the SCA is decreasing with increased slope. Here, 
other factors than merely altitude affect the distribution of SCA. The steeper slopes are 
more affected by wind, which causes snow to be transported away from them. Another 
reason for low SCA on the steepest slopes is gravity. According to Seligman (1936), 
avalanches occur on slopes steeper than 22°. Thus, the steep slopes may have lost snow 
to the gentler slopes. 
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Maximum SCA is obtained for ~23 ° slopes which is a similar result to those achieved 
by Rawls & Jackson (1979), who observed maximum accumulation for 18.5° slopes. A 
local minimum at ~30-45° may have been expected due to the solar radiation but is not 
seen in the slope-distribution of SCA. 

The slope-distribution of SCA is similar for different subdivisions of the investigated 
area. However, some differences are observed in the increase of SCA in the interval 0 to 
~20°. Section A has less flat and gently sloping areas at lower altitudes than what is pre
sent in the area as a whole. Thereby, the gradient in SCA versus slope is smaller in sec
tion A. 

Figure 20 shows the difference between aspects on gentle slopes, down to 3°. From 3° 
to ~20° the difference increases while it is approximately constant for steeper slopes. 
This shows to what extent there is a difference between the aspects. Slopes do not have 
to be steeper than 3° to be affected by aspect-related processes, and the absolute differ
ences in SCA attributed to those processes are greatest for slopes of 20° or steeper. 

Altitude 
SCA is increasing considerably with altitude. The explanations to this are the precipita
tion and temperature conditions that vary with altitude. The change in SCA increase 
with altitude at ~900 m is probably caused by the timberline which occur at approxi
mately this altitude. This is suggested by Bergström & Brandt (1984), who found that 
SWE increases with altitude up to the timberline and is approximately constant above 
due to the great redistribution of snow by wind. Even though the forest is excluded from 
most investigations in this study it may also affect the results. Areas at altitudes where a 
forest is present may be affected by the forest even if it is not in a close vicinity. The 
forest causes great friction against air masses that passes by and thus affects wind pat
tems over wider ranges than within the forested area itself. Furthermore, the distribution 
of unforested mountain with altitude (see Figure 10) shows a slight change in the in
crease of cumulative area at the altitude ~900 m. This means that the areas of mountain 
at altitudes higher than ~900 m are smaller than below. Thereby, the air mass above 
~900 m is less affected by friction from the ground and consequently has higher wind 
velocities. This is a second reason for higher redistribution of snow at altitudes above 
~900 m and a reduction in the gradient SCA versus altitude. 

Since the data for this study show an increase in SCA even above the timberline, at least 
one factor aff ecting the snow is diff erent in this study compared to the study presented 
by Bergström & Brandt (1984). The results presented by Bergström & Brandt (1984) 
were from measurements earlier in the spring. It can thus be assumed that those were 
not as affected by melting as the data in this study. Hence, it is likely that the observed 
increase of SCA with altitude, above ~900 m, is caused by the altitude-dependence of 
temperature. 

The local maximum that occur at ~900 m is caused by higher SCA on the gentle slopes 
and flat areas. These areas are more usual at this altitude than that altitudes direct above 
and below. The altitude ~900m has several areas surrounded by high peaks, which im
plies that the peaks shield these areas from wind. In addition, the relative areas of NW, 
W and SW aspects are smaller than directly above and below ~900 m, and the opposite 
is valid for SE aspects. This is also an indication that the number of wind shielded 
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places at ~900 m is relatively high. So, the increased local maximum of SCA at ~900 m 
is probably a pure topographic effect, where the termin creates several spots at ~900 m 
shielded from wind. Thus, snow is redistributed from the higher, wind-exposed peaks 
down to the gently sloping or flat wind-shielded areas at ~900 m. 

There is also an indication of a second change in the gradient of SCA versus altitude ( at 
~ 1250 m). The change in gradient also coincides with a local maximum which is caused 
by high SCA on the flat and gently sloping areas. Besides from large areas of gentle 
slopes (see Figure 8), this specific altitude has relative large areas of SE aspects (see 
Figure 6). The reasons to this local maximum seem to be the same as for the local 
maximum at ~900 m, though it is not as large as the lower one since the topographic 
anomalies are not as big and many. The reason to the slight change in the gradient at 
~1250 m is not as obvious as for the one at ~900 m. The gradient change might be a re
sult of the terrain above ~ 1250 m having steeper slopes and being dominated by peaks 
situated at relatively far distance from each other, i.e. the areas above ~1250 m are more 
exposed to wind. This is further indicated by the second slight change in cumulative 
area of unforested mountain with altitude. So, the second change in the gradient SCA 
versus altitude is caused by the same factors as the first change, even though the second 
is not as great. 

Land cover 
The observed differences in SCA on land cover seem to be dependent on the altitude 
distribution of those land covers. lf altitude, aspect and slope are considered, there is 
probably not any significant difference in SCA on the land covers; mountain (unfor
ested), open ground and wetland. 

5.3 PROPOSED MODELLING APPROACH 
A model in a grid-mesh has several advantages. The SMHI-project aims to create snow 
maps from modelling combined with satellite data. The satellite images are given as 
grid-meshes and are therefore easily combined with a model in the form of a grid-mesh. 
Also, since the digital elevation maps are in grid-meshes this form makes the connec
tion between the model and elevation data easier. A further advantage is that the grid
meshes are easily presented graphically with simple presentations. 

With the suggested modelling approach only temperature and precipitation are needed 
when running the model which makes the interpretation easy. To set up the model, the 
required information is a digital elevation map, statistics of wind directions and infor
mation about cloudiness. All information is easily available. Elevation maps exist with 
high resolution and wind directions can be obtained from synoptic data. 

The redistribution of snow by wind is included by the multiplication of precipitation 
with aspect-specific factors. These aspect-specific factors are suggested under the as
sumption of twice the amount of snow on leeward slopes compared to the windward 
slopes. lf there exist data on snow distributions for the area to be modelled, these data 
can be used to reassess the aspect-specific factors. The redistribution of all fallen snow 
above the timberline is another effect of the redistribution of snow by wind. To separate 
the most gentle slopes from the steeper, the differences between the aspect-specific cor
rections are increasing in the slope interval 0° to 23°. Slopes steeper than 23° are multi-
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plied with an extra factor (that is varying from 1 at 23° to O at 90°), which is to include 
the loss of snow from these slopes due to gravity and wind. 

The use of a degree-day method does not demand one or more extra input variables but 
allows the melt factor (CFMAX) to vary depending on a number of different spatially 
varying factors. Since the melting varies with different solar radiation conditions, the 
melt factor is modified with respect to aspect. The most straightforward correction 
would have been to use a melt factor that gives maximum melt on south aspects and 
minimum on north aspects. Due to the results of chapter 4.1 and the modelling results 
by Hock (1999), it seems as the maximum is obtained for southwest aspects instead of 
south. Using a melt factor with a maximum in south, this pattem will not be obtained 
when using a timestep of one day or more. Therefore, the maximum melt factor is sug
gested to occur on southwest-facing slopes. If a shorter timestep is to be used, e.g. 1 
hour, then the melt factor probably will not vary that much with respect to aspect. The 
amount of variation in melt due to solar radiation is difficult to estimate and further in
vestigations are needed before a reasonable distribution can be recommended. Obvi
ously, this is depending on the local weather situations on different places. If it is 
cloudy, the difference in melting on aspects should be less than for areas with mostly 
clear sky. The absolute values of the melt factor will probably be an issue for calibra
tion. 

According to theory, the slope correction for melting should be of the distribution 
shown in Figure 1. However, the results in chapter 4.1 do not coincide with the theory. 
As mentioned earlier, this may be a result of the relatively high cloudiness in the inves
tigated area. Depending on the area to be modelled, it might be of relevance to include a 
slope-correction for the melt factor. If so, the melt factor must decrease with increased 
slope for north aspects and have a maximum around 30-45° for south aspects. 

Mode! resolution 
The resolution controls shows that the pattem of varying snow amounts on different as
pects are seen on scales up to at least 5000 m. Therefore, the difference due to aspects 
can be caught even in models with low resolution. Hence, models with low resolution 
do also have an opportunity to get better performance by including information about 
aspects. There does not seem to be a critical cell size where the difference between cells 
due to their average altitude is not detectable. 
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6 CONCLUSIONS 
The snow covered area (SCA) in a mountainous area in Sweden was found to be de
pendent on altitude. SCA increases linearly with altitude up to the timberline. Above the 
timberline, SCA is nearly constant. Deviations from this pattem are explained by topo
graphic factors , such as aspect and slope angle, that affect the accumulation and ablation 
processes. The variation of SCA with respect to aspect is govemed by redistribution of 
snow by wind and melting by the combined effect of solar radiation and temperature. 
SCA varies with slope angle due to gravity and wind. Also, the difference between as
pects increases for slope angles from 0° to 20° and is then constant for steeper slopes. 
Accordingly, redistribution of snow by wind is the most important process that is de
pendent on slope aspect and slope angle. As a consequence, the snow distribution in an 
area can to a large extent be explained by means of a digital elevation map and wind 
statistics. 

Snow maps can be made by combining satellite images and a distributed snow model. A 
grid-mesh is a suitable type for the distributed model and the snowpack can thus be 
modelled separately in each grid-cell. (Each grid-cell is thereby a single model of the 
snowpack.) The degree-day method isa simple approach fora model that is easy to in
terpret for each grid-cell. Corrections for accumulation and ablation can be done con
sidering the topographic characteristics for each cell. Accumulation, as observed from 
meteorological stations must be corrected for altitude, slope aspect and slope angle of 
the cell. Ablation in the form of melting should be calculated with a degree-day factor 
that depends on slope aspect and possibly even slope angle. This approach of modelling 
snow within each cell is feasible for resolutions up to at least 5000 metre. For lower 
resolutions the effect of aspects may not completely be identified. 
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